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Abstract 
Lake Mattamuskeet, located on the Albemarle-Pamlico Peninsula in North Carolina, is the 
largest natural freshwater lake in the state and one of the most important waterfowl wintering 
grounds on the United States East Coast. Since the early 1990s, the lake has lost 93% of its 
submerged aquatic vegetation (SAV) and has shifted to a phytoplankton-dominated lake. The 
wide-spread loss of SAV has corresponded with an increase in cyanobacterial, harmful algal 
blooms (HABs) that pose a threat to the recreational users and wildlife of the lake. Therefore, it 
is crucial to understand factors that promote cyanobacterial dominance, so environmental 
managers with Mattamuskeet National Wildlife Refuge and the NC Department of 
Environmental Quality can target their SAV-restoration plan at the most problematic bloom 
organisms. Previous scientific studies suggest that certain nitrogen forms, particularly 
ammonium, may selectively stimulate the growth of cyanobacteria relative to other, non-HAB 
forming phytoplankton groups. Our study used experimental nutrient enrichments of ammonium 
and nitrate on Lake Mattamuskeet waters to assess whether the growth of cyanobacteria is 
selectively stimulated by ammonium enrichment. Results from three experiments indicated that, 
in comparison with nitrate, ammonium enrichment did not selectively stimulate cyanobacteria 
growth relative to other phytoplankton groups (p < 0.05). Additionally, there was no selective 
stimulation under N limiting or P limiting conditions. Nutrient reduction strategies to decrease 
cyanobacteria biomass in Lake Mattamuskeet should consider nutrient loading from both 
ammonium and nitrate sources and also phosphorous, as there was evidence of the system being 
primarily P-limited in some cases.  
 





Lake eutrophication is increasingly common, as anthropogenic supply of phosphorous 
and nitrogen increases, causing harmful algal blooms (HABs). Cyanobacteria often dominate 
HABs due to their ability to produce anti-grazing toxins and to outcompete the rest of the 
phytoplankton community for nutrients and light (Urrutia-Cordero et al., 2016; Gobler et al., 
2012). HABs occur globally and can have negative ecological, social, and economic impacts on 
the water bodies and on humans interacting with the system. For example, in 2014, HABs in 
Lake Erie caused an estimated $65 million of damage to the water drinking system in Toledo, 
Ohio (Newell et al., 2019). From 2000-2004, there were mass kills of flamingos from the 
Embakaai Crater, Lake Natron, and Lake Manyara in Tanzania due to HABs, which significantly 
decreased tourism (Kimambo et al., 2019). In the late 1980s on the East Coast of the United 
States, HABs led to widespread scallop deaths and recruitment failure, resulting in the collapse 
of the bay scallop fishery (Bricelj et al., 1989).  
Nutrient reduction is most often the prescribed mitigation method used to reduce harmful 
blooms. Nitrogen (N) and phosphorous (P) have been identified as the primary limiting nutrients 
in aquatic systems, therefore, the primary agents in causing HABs (Paerl et al., 2016; Glibert et 
al., 2016; Newell et al., 2019). However, there is a lack of consensus in the scientific community 
surrounding how different forms of each nutrient may affect the composition of the 
phytoplankton community. N can be found as nitrate (NO3), ammonium (NH4), and other 
inorganic forms in natural water bodies, so much of the debate is centralized on the effect of 
these different forms of N (Paerl et al., 2016).  
Reduced forms of nitrogen, like NH4, require less energy to convert to organic nitrogen 
than oxidized forms, like NO3, since NO3 must be reduced before phytoplankton can assimilate 
it. Organic nitrogen is needed for cellular respiration, as it is easier to transport across cellular 
membranes (Newell et al., 2019). Therefore, it has been hypothesized that NH4 is more energy 
efficient for phytoplankton to utilize than oxidized forms of N like NO3 (Solomon et al., 2010; 
Herndon and Cochlan 2007). Additionally, the presence of NH4 has been shown to inhibit NO3 
assimilation in N-limited conditions, causing phytoplankton to uptake NH4 before NO3 since 
nitrogen reduction is end product inhibited (Tada et al., 2009; Glibert et al., 2016). Some studies 
have even found that NH4’s inhibitory effect on NO3 uptake can occur at concentrations as low 
as a few micromolar (L’Helguen et al., 2008; Cochlan and Harrison 1991). This repressive effect 
on NO3 assimilation combined with NH4’s uptake efficiency often results in NH4 being observed 
as the preferential nutrient for phytoplankton growth. However, these observations are 
contradicted by studies finding that the growth of some phytoplankton, particularly diatoms, is 
more stimulated by NO3 (Glibert et al., 2016; Lomas and Glibert 1999).  
Additionally, there is a lack of understanding of how the presence of NH4 versus NO3 
may shape the phytoplankton community composition and growth rates, especially regarding 
cyanobacteria. Cyanobacteria are often the dominant phytoplankton group in HABs; therefore, it 
is crucial to understand the factors that lead to their persistence such as different forms of N.   
Because most cyanobacteria have a larger volume to surface area ratio than other groups, it is 
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hypothesized that the presence of the energetically favorable NH4 would contribute to their 
dominance, as they should uptake nutrients quicker than other species (Newell et al., 2019; 
Glibert et al., 2016). Donald et al. 2011 conducted an experiment that supported this hypothesis 
and found that non-heterocystous cyanobacteria did experience faster growth when enriched with 
NH4. In contrast, NO3 favored the growth of cryptophytes and heterocystous cyanobacteria. 
Newell et al. 2019 similarly found that the growth rates of non-heterocystous Microcystis 
cyanobacteria were higher when enriched with NH4 compared to NO3, which is likely because 
they lack an N2 fixing pathway. Furthermore, Glibert and Berg (2009) showed that NO3 uptake 
was directly related to the percent of the community that was diatoms, while the proportion 
of NH4 uptake was directly proportional to the fraction of the community that was cyanobacteria. 
These experiments demonstrated that different N-forms might evoke varying responses both 
between phytoplankton classes and within them. While cyanobacteria are primarily of interest 
because of their ties to HABs, the response of other phytoplankton groups also should be 
examined, as their nutrient uptake activities may affect nutrient availability.  
 For instance, one study observed that the growth of the diatom, Cylindrotheca fusiformis, 
ceased when its N-enrichment was switched from NO3 to NH4 or urea, which may have been due 
to the lack of a metabolic pathway for processing urea (Hildebrand & Dahlin, 2000; Solomon et 
al., 2010). A different study found congruent results; diatoms living in cooler waters grew faster 
when enriched with NO3 instead of NH4 (Glibert et al., 2016). Since diatoms often dominate in 
colder waters and the winter months, it has been thought that spring diatom blooms use up the 
available NO3, leaving NH4 to be the primary limiting nutrient for summer cyanobacterial 
blooms (Dugdale et al., 2007). Therefore, the presence of spring diatoms may affect what 
nutrients are later available for cyanobacteria growth, especially if those cyanobacteria are non-
heterocystous and cannot fix their own N. However, a contradictory study found that NH4 caused 
two species of Skeletonema diatoms to grow faster than NO3, suggesting that this issue is not 
well understood, and NH4 may not only preferentially stimulate cyanobacteria (Tada et al., 
2009). The variety of results observed by the scientific community on NO3 versus NH4 
enrichment has led to a focus on species-specific responses, as the metabolic pathways for 
processing each N form may differ significantly within phytoplankton classes (Donald et al., 
2013). 
 Lake Mattamuskeet in eastern North Carolina has recently become eutrophic with a 
phytoplankton community dominated by cyanobacterial HABs. Sitting 8 meters below sea level, 
the 17,000-ha lake is the center of the Mattamuskeet Wildlife refuge, which is comprised of 
approximately 11 different habitats (e.g. freshwater marsh, open water, and wet pine flatwoods 
forest) (USFW, 2017). On average, the lake is 2 feet deep and serves as breeding and feeding 
grounds for various wildlife, including the hundreds of thousands of migratory wintering 
waterfowl that depend on its submerged aquatic vegetation (SAV) and wetlands for sustenance 
and rest (Moorman et al., 2017). Cyanobacteria blooms outcompete SAV for light and nutrients, 
which has likely caused the loss of 93% of the lake’s SAV since the early 1990s (Moorman et 
al., 2017). The eutrophication of the lake has ultimately driven a shift from a macrophyte-
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dominated, clear water system to a phytoplankton-dominated, turbid system with HABs 
(Moorman et al., 2017).  
The widespread loss of SAV threatens the food supply for migratory bird populations and 
has changed the way they have been observed using the lake, such as increased frequency of 
resting instead of actively feeding (Moorman, 2018). Additionally, the increase in phytoplankton 
has impacted the recreational users and the tourism industry of the area due to advisories against 
swimming and fishing (Moorman, 2018). Lake Mattamuskeet’s HABs are dominated by the 
heterocystous cyanobacteria, Cylindrospermopsis, which can produce liver toxins that 
bioaccumulate in crab and fish populations (Moorman, 2018). Because of regular HABs in the 
lake, community members are warned to limit their crab intake, and swimmers are cautioned to 
rinse thoroughly after coming into contact with the water, further exemplifying the adverse 
effects HABs can have on the community and the need for mitigation (USFW, 2017). 
 The changing lake has provoked management at the Mattamuskeet Wildlife Refuge to 
make initial assessments and recommendations on the decreased water quality and loss of SAVs 
(Moorman et al., 2017). Their study found that both the total dissolved nitrogen (TDN) and 
phosphorous (TDP) consistently exceeded EPA 2001 Water Quality standards, compelling 
researchers to hypothesize on the origin of the main nutrient contributors (Winton et al., 2016; 
Moorman et al., 2017). As of 2017, 37% of the lake’s watershed is intensively farmed for corn 
and soybeans, and about 56% of the surrounding farmland and wetlands is managed for 
waterfowl impoundments in the winter. Waterfowl impoundments may refer to both moist soil 
impoundments, which are natural wetlands that have been flooded or maintained, or private 
farmland that is flooded during the winter to attract waterfowl for hunting or habitat management 
purposes. After the winter, the flooded farmland is drained by ditches that pour directly into the 
lake, acting as a direct pathway for nutrient runoff. Both the farmlands and waterfowl 
impoundments contribute excess NO3 and NH4 into the lake, respectively (Winton et al., 2016). 
While the U.S. Fish and Wildlife Service has completed a watershed restoration plan for 
overall nutrient loading reduction, it does not consider the potential effects of different forms of 
nitrogen loading (USFW, 2017). Inorganic N from surrounding waterfowl impoundments is 
primarily NH4 while NO3 is the primary inorganic N form in agricultural runoff (Winton et al., 
2016). Assessing which form of N is most important in reducing cyanobacterial HABs may 
assist the Wildlife Refuge in targeting nutrient reductions from these sources and therefore 
provide guidance for SAV restoration.  
 Our study used experimental nutrient enrichments of natural Lake Mattamuskeet 
phytoplankton communities to assess the following research questions:  
1) Does NH4 enrichment cause higher cyanobacteria growth rates compared to NO3 
enriched treatments?  
2) Does selective stimulation of the cyanobacteria by NH4 enrichment lead to 
cyanobacterial dominance of the phytoplankton community?  
We hypothesized that the high availability of NH4 relative to NO3 would cause cyanobacteria to 
grow quicker than other phytoplankton groups because of its uptake efficiency and inhibitory 
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effect on NO3 assimilation. Therefore, cyanobacteria would comprise a larger percentage of the 
community in groups enriched with NH4 over NO3. 
 
2. METHODS 
Water samples for nutrient enrichment experiments and for establishing a baseline 
understanding of phytoplankton community composition were collected from locations within 
the east and west basins of Lake Mattamuskeet from 2017 to 2019 (Figure 1). The two basins are 
separated by the Highway 94 causeway with water exchange limited through five large culverts, 
and indications that nutrient/phytoplankton dynamics may be somewhat independent between the 
two basins. For example, the lake-wide regime shift from SAV to phytoplankton dominance 
occurred several years earlier in the west basin than the east.  
 
 
Figure 1. Sampling sites for this study and sites sampled by the United States Geographic Survey (USGS) for 
Lugol’s preserved phytoplankton community samples. 
 
2.1 Establishing a baseline for community composition  
A multi-year assessment of phytoplankton community composition was conducted to 
provide a baseline against which to assess the representativeness of phytoplankton communities 
collected for enrichment experiments. Using twelve Lugol’s preserved water samples collected 
by the USGS at sites on the east and west side of the lake from 2017 to 2019 (Figure 1), six 
abundant taxa of phytoplankton were identified and quantified for biomass concentration: 
Cylindrospermopsis, Pseudanabaena, Spirulina, Planktolyngbya, Scenedesmus, and pennate 
diatoms. Of these, Cylindrospermopsis, Pseudanabaena, Spirulina, and Planktolyngbya are 
potential toxin-producing cyanobacteria, and Cylindrospermopsis is an N2 fixing species 
(Calandrino and Paerl, 2011). The 300 mL samples were inverted several times to homogenize 
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the mixture and then pipetted into a 0.1 mL hemocytometer and covered with a glass slip. Each 
sample settled in the hemocytometer for 5-10 minutes. Then, a 100 × 100 μm field of view was 
examined at 400X magnification to count the number of units (cyanobacteria filaments or diatom 
cells) of each abundant species using a Leica DMIRB inverted microscope (Wetzlar, Germany). 
Counting ceased when 100 units of one cell type or 50 fields had been counted.  
Before calculating the biovolume concentration of each cell type in each sample, the 
average volume of each cell type was estimated using the average dimensions measured for the 
cells of each taxon (e.g., length, radius), according to the divisions of an ocular Whipple grid. 
We assumed that the volume of the individual cells of Cylindrospermopsis, Planktolyngbya, 
Pseudanabaena, and Spirulina could all be estimated using the equation for the volume of a 
cylinder. Pennate diatoms were envisioned as two facing cones and Scenedesmus as four stacked 
cylinders. The biovolume concentration was then estimated using the following formula:  
 
                                                                𝐶 =
𝑉𝑛𝐴
𝐻𝑓𝑎
                                                        (1)    
 
In the formula, V is the estimated volume of the individual cell for each species, n is the number 
of cells counted, A is the area of the hemocytometer (2.54 cm2), H is the volume of the 
hemocytometer (0.1 mL), f is the number of fields counted, and a is the area of one field at 400x 
magnification (6.00×10-4 cm2).  
 
2.2 Bioassays  
 Three nutrient addition bioassay experiments were conducted to determine how NH4 and 
NO3 enriched conditions may affect the community composition of phytoplankton in Lake 
Mattamuskeet. Experiments were conducted on October 11th-14th, October 25th-28th, and 
February 13th-16th. For each experiment, water samples were taken from the east and west side of 
Lake Mattamuskeet, sites 1 and 2, respectively, using two 20 L carboys (Figure 1). Samples were 
taken from >2 m away from the shoreline to avoid collecting sediment stirred up by waves 
breaking on shore.  General water quality information (temperature, salinity, pH, dissolved 
oxygen, and turbidity) was measured using a YSI 6600 (Yellow Springs Inc, Yellow Springs, 
Ohio) multiparameter sonde at the time of collection (Table 4). The water quality information 
was later compared to the USGS continuous monitoring sites’ data from that time for assurance 
of representativeness (Figure 1). At the UNC Chapel Hill Institute of Marine Science 
approximately 3 hours following collection, each sample was divided into twelve 800 mL 
subsamples and dispensed into one-liter polyethylene Cubitainers (Hedwin Co) that represented 
three triplicated treatment groups and the control, as detailed in Table 1 (See Appendix A1). 
Zooplankton were not filtered out before incubation. To create the treatment groups, dissolved 
nutrients were added directly into each designated Cubitainer, with the first group being a control 
with no enrichments, the second group enriched by NO3 + PO4, the third group enriched by NH4 
+ PO4, and the last group enriched only by PO4.  
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P was added to both N-containing treatments to remove the possibility of P-limitation and 
focus solely on the impact of the different N-forms. The P-only treatment was included to be 
compared to the control group to assess any P-limitation. Nitrate was added in the form of 
NaNO3, ammonium in the form of NH4Cl, and phosphate as K2PO4. Approximately 10 mg of 
dissolved inorganic carbon (DIC) was added to all cubitainers to ensure carbon limitation did not 
occur during incubation. The cubitainers were incubated for 2.7-2.8 days in a concrete pool with 
continuously running seawater outside to provide ambient light and simulate natural temperature 
conditions. One layer of neutral density screening provided partial shade to prevent 
unrealistically high and potentially damaging irradiance levels (Paerl et al., 2005).  
 
2.3 Bioassay Analytical Methods  
 Nutrient analyses were completed to assess the concentration of total dissolved nitrogen 
(TDN), NH4, NO3, PO4, and silicate (SiO2) in 30 mL water subsamples from before enrichment 
(Tinitial) and at the end of each experimental incubation (Tfinal). Before samples were analyzed by 
a nutrient autoanalyzer (Lachat Quick Chem. IV, Lachat Inc.), they were vacuum filtered (< 25 
kiloPascals) through a 25 mm Whatman glass microfiber filter. The material retained on these 
filters was later used for the analysis of phytoplankton abundance by high-performance liquid 
chromatography (HPLC) analyses of taxa specific accessory pigments. All filtering and 
subsequent activities were performed under reduced light conditions to prevent photodegradation 
of phytoplankton pigments.  
The glass microfiber filters were collected during filtration, folded in half, blotted dry to 
remove excess water, placed into 15 mL centrifuge tubes, and immediately frozen at -20 °C until 
analysis. Phytoplankton were extracted from the filters in 1.5 mL of 100% acetone using 
sonication (15-30 seconds, Sonics Ultrasonic Disruptor with microtip) to lyse the cells and 
release the pigments. Following a 24 h steeping period at -20 °C, the solutions were extracted 
and filtered into 2 mL scintillation vials, using a syringe-driven filter.  
The 2 mL scintillation vials containing the pigment extracts were then placed into the 
HPLC machine for analysis (Shimadzu system controller model CBM-20A, solvent delivery 
module LC-20AB). Approximately 200 μl were extracted from each vial, separated according to 
pigments, and passed through a photodiode array spectrophotometric detector (PDA) to measure 
absorbance. Using Shimadzu's LabSolutions Lite software, the individual pigments are identified 
and quantified using a combination of peak retention time, absorbance spectrum shape/signature, 
maximum wavelength, and the similarity match of the unknown pigment to a standard. This 
protocol was adopted from Paerl et al. (2013). Based on class-specific phytoplankton pigments 
described by Hoek (1977) and Paerl et al. (2013), concentrations of diagnostic accessory 
pigments were used as proxies for the biomass of dominant phytoplankton classes that were 
observed during microscopy (See Appendix A2). Although there are more pigments that may 
indicate cyanobacterial abundance outside of myxoxanthophyll, we focused on that pigment 




2.4 HPLC Data Analysis  
Chl a contained within each major phytoplankton group was estimated from HPLC 
pigment data using the ChemTax program (Mackey et al., 1996) and served as a quantitative 
measure of group-specific biomass. The input pigment ratio matrix required for ChemTax was 
adapted from Paerl et al. (2014). Our input matrix contained ten accessory pigments instead of 
the twelve in Paerl et al. (2014), as they were more representative of the phytoplankton classes 
observed during microscopy. The algal classes and their ratios of photopigments used for 
analysis are summarized in Table 3 (See Appendix A3). 
Using group specific Chl a as a biomass metric, the growth rate of each algal group 
during the experiments was calculated according to equation 2:   
 
                                                            r = ln(Pfinal / Pinitial ) / t                                                      (2) 
 
where r is the growth rate, Pinitial and Pfinal represent the group biomass (g L-1 Chl a) at the 
beginning and end of each experimental incubation, and t is the incubation time in days.  
To assess statistical significance between the growth rates of different treatment and 
phytoplankton groups, we performed an analysis of variance (ANOVA) and Tukey honest 
significant difference (HSD) post-hoc test. For all tests,  was set to 0.05. All statistical tests and 
the ChemTax matrix factorization program were implemented using MatLab R2019a.  
 
3. RESULTS  
 
3.1 Basic water quality information  
 From water quality data collected by the YSI, salinity was approximately 0.5 and pH was 
slightly basic (7.66-8.1) on all collection days (See Appendix A4). The dissolved oxygen (DO) 
was near saturation on all days (94-101%), except on the west side on February 13, 2020 when it 
was supersaturated (144%). The turbidity was elevated at an average of 114 NTU, a value far 
more than North Carolina’s 25 NTU standard for surface water quality (NC DEQ 2013). 
Although the samples for experiment 3 were taken in winter, the few days preceding water 
collection were unusually warm, and lake temperature was only 2 °C lower than that of 
experiment 1. 
Using the percent difference from the measurements from each side of the lake, all 
conditions were comparable on each collection day except for turbidity for the first experiment 
(October 11, 2019) on the East side (See Appendix A4). This was likely due to strong northeast 
winds and associated wave-driven sediment resuspension along the shore of the East side where 
the sample was collected.   
 Chl a levels exceeded the North Carolina Department of Environmental Quality 
(NCDEQ) standard (> 40 µg/L) at each collection, with notably elevated levels (96.2 µg/L W, 
166.5 µg/L E) during the February collection.  
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We also compared our discrete water quality measurements to the continuous data 
collected by the USGS from the months before and after our collection days and found that our 
data fell within the natural fluctuations of the lake (USGS 2016).  
 
3.2 Baseline community composition  
 
Figure 2. Overall temporal and spatial phytoplankton community composition of Lake Mattamuskeet. The biomass 
of Planktolyngbya, Cylindrospermopsis, Psuedoanabaena, and Spirulina was summed for the cyanobacteria 
category. 
 
On average, 69% of the biomass of the lake’s phytoplankton community was 
cyanobacteria during the five months sampled from 2017-2019 (Figure 2). The east side of the 
lake showed a more consistent level of cyanobacteria dominance, while the west side 
experienced a decrease in cyanobacteria abundance during April and June. However, their 
concentrations were still on the same order of magnitude.  
 A closer breakdown of the cyanobacteria group throughout the period indicates that 
Spirulina and Pseudanabaena were the dominant two cyanobacteria genera throughout the year, 





Figure 3. Temporal and spatial cyanobacterial community composition of Lake Mattamuskeet 
 
 
3.3 Nutrient concentrations  
At the time of collection for the first experiment (10/11/2020), the west side of the lake 
had an initial NO3 level of 234 g/L, approximately 20 times greater than the east side. 
Additionally, the NH4 levels were at 19.3 g/L, about four times greater than those of the east 
side (Figure 4). Additionally, there was less available NO3 and NH4 after incubation for the 
experimental groups than the control for the west side. It is also notable that in the treatment 
group with NO3 enrichment for the east side, the NH4 and PO4 levels were approximately 4 times 
greater after incubation than the control (Figure 4).  
On the second experimental day, both sides of the lake had similar levels of NO3 and 
NH4 to start with (6-8 μg/L NO3 and about 17 μg/L NH4). However, the east side decreased to 
levels below the detection limit after incubation, indicating N-limitation (Figure 4). Similar to 
the pattern seen in experiments 1 and 3, there was often up to 15 μmol /L extra dissolved silica 
after incubation.  
On the third experimental day, the PO4 levels reduced to approximately 2.5% of the initial PO4 
concentrations plus the enrichment, suggesting P-limitation (Figure 4). The NO3 measured was 




Figure 4. Change in nutrient concentrations for differing treatments for all three experiments. Treatment 0 represents 
the initial nutrient concentrations measured before incubation plus enrichment, Treatment 1 is the is the control 
group, Treatment 2 is the NO3+PO4 enrichment group, Treatment 3 is the NH4+PO4, and Treatment 4 is the PO4 
only group. All nutrient levels reported were calculated as the average of the triplicate treatments, and error bars 
represent the standard deviation from the mean.  
 
3.4 Phytoplankton growth  
 Overall, whether the phytoplankton received a NO3 or NH4 enriched treatment did not 
result in significantly different growth rates, according to Tukey HSD post-hoc tests (Figures 5-
7). Similarly, cyanobacteria did not show a significant difference in growth due to enrichment by 
ammonium versus nitrate. For experiments 1, diatoms enriched with NO3 experienced the fastest 
growth rate (approximately 0.5 day-1), which was on average 0.10 day-1 faster than the other 
groups. For experiments 2 and 3, cryptophytes were the fastest growing group (0.75 – 1 day-1).  
During experiment 2, cryptophytes and cyanobacteria experienced a significantly higher 
growth rate (p < 0.05) for the PO4-only treatment in comparison to the control group on both 
sides. This suggests that phosphorous was a primary limiting factor during this experiment for 
those phytoplankton classes. However, there was no evidence for phosphorous limitation in 
experiment 1. Experiment 3 showed neither significant differences in growth rates nor 




Figure 5. Experiment 1 phytoplankton growth rates. Error bars represent standard deviation of triplicate 
measurements for each treatment group. Different letters denote significantly different growth rates based on the 
Tukey HSD post-hoc test (p-value < 0.05), completed in conjunction with an analysis of variance (ANOVA) test.  
 
 
Figure 6. Experiment 2 phytoplankton growth rates. The configuration and statistical tests completed are the same as 








Figure 7. Experiment 3 phytoplankton growth rates. The configuration and statistical tests completed are the same as 




3.5 Changes in Community Composition  
 The ChemTax results from the Tinitial water samples indicate that cyanobacteria dominated 
the lake at the time of sampling and after incubation (Figure 8). Therefore, the conditions at 
which we performed our experiments were consistent with the community composition from the 
past two years.  
For all experimental days, the percentage of the total phytoplankton community 
comprised of cyanobacteria decreased for both the NO3 and NH4 treatments compared to the 
control due to the other phytoplankton groups growing faster (Figures 5-7). However, there were 
two instances among cyanobacteria and cryptophytes where the NH4 treatment groups had a 
significantly higher percentage of the community than the NO3 groups (Figure 8). The only 
treatment where cyanobacterial dominance increased or stayed about the same was the PO4 only 
treatment. Overall, regardless of treatment, the percent of the population that a group made up 





Figure 8. Experiments 1-3 community composition as a percentage of total chl a. Treatment 0  represents the initial 
community composition measured before enrichment and incubation. Treatment 1 is the is the control group, 
Treatment 2 is the NO3+PO4 enrichment group, Treatment 3 is the NH4+PO4, and Treatment 4 is the PO4 only 
group. All percentages reported were calculated as the average of the triplicate treatments. Different letters denote 
significantly different growth rates based on the Tukey HSD post-hoc test (p-value < 0.05), completed in 
conjunction with an analysis of variance (ANOVA) test.  
 
 
4. DISCUSSION  
4.1 Community and Growth interpretations 
The dominance of cyanobacteria is a year-round feature of Lake Mattamuskeet, as 
demonstrated by the community composition cell counts from water samples taken throughout 
the years of 2017-2019 (Figure 2). Furthermore, all four dominant species of cyanobacteria 
observed (Cylindrospermopsis, Planktolyngbya, Pseudanabaena, and Spirulina) are capable of 
producing harmful toxins, emphasizing the need for mitigation.  
Although cyanobacteria dominated the phytoplankton community throughout the entire 
experiment, cyanobacteria were not significantly and selectively stimulated by additions of NH4 
(Figures 5-7). The several negative growth rates observed in Experiment 3 may indicate that the 
phytoplankton were being limited by a micronutrient, such as iron, or were affected by partly 
cloudy weather conditions (Figure 7). While some studies focused on species-specific selective 
stimulation by ammonium versus nitrate, (e.g. Newell et al., 2019) with Microcystis, our study 
did not. Therefore, it is possible that different species of cyanobacteria may have reacted 
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uniquely to varying nitrogen forms during the experiments. Furthermore, another study 
conducted in temperate Wascana Lake, Canada, found that Microcystis cyanobacteria were most 
likely to exhibit selective growth when enriched by NH4 (Donald et al., 2013). Therefore, it may 
be useful to examine any interactions between cooler water and N forms that selectively 
stimulate cyanobacteria. Because Lake Mattamuskeet was approximately the same temperature 
in all 3 of the experiments, we could not observe any temperature-related trends in regard to 
growth rates.  
4.2 Broader Implications 
 As demonstrated in the literature review done by Glibert et al., 2016, the scientific 
community’s understanding of NH4 vs NO3 enrichment has changed significantly throughout 
the years. While it was preliminarily widely thought that NH4 would cause faster growth rates 
for all phytoplankton, studies like Maestrini et al. 1982, Solomon et al. 2010, Collos and 
Harrison 2014 show that NH4 preference is not ubiquitous and N preference be controlled by 
many dynamic parameters. For example, Glibert et al 2016 suggest that in cool, nutrient‐rich 
waters, diatoms use a significant fraction of N as NO3 even when NH4 is available at levels in 
excess. Contradictorily, Tada et al., 2009 found that two diatoms of the genus, Skeletonema, 
grew faster when enriched with NH4 in a eutrophic bay. Such conflicting studies suggest that 
studying species-specific responses may be the only way to understand the workings of NO3 vs 
NH4 preferences. Some researchers already have begun such studies, citing differences in 
nitrogen fixing pathways, shape, and metabolic variation (Kangro et al., 2007; Donald et al., 
2013).  
Furthermore, the aforementioned studies conflict with others that have demonstrated the 
suppression of NO3 uptake during NH4 presence (Tada et al., 2009; Glibert et al., 2016; Dugdale 
et al., 2007). We expected to observe such suppression during our bioassays. However, our 
experiment found that growth rates did not vary significantly between NO3 and NH4 enrichment 
groups, suggesting no NO3 uptake suppression occurred likely due to not enough ambient NH4 
in the NO3 groups (Figure 4). In papers that found that NH4 enrichment did cause higher growth 
rates for phytoplankton, the experiment was usually designed to examine species specific 
responses, or it examined non-heterocystous cyanobacteria (Newell et al., 2019; Monchamp et 
al., 2014). 
4.3 Implications for Nutrient Management 
At Lake Waccamaw, another coastal freshwater lake in North Carolina, approximately 
200 miles south of Lake Mattamuskeet, a study was done that identified the lake’s sediments as 
its primary source of phosphorous influx, causing a near-eutrophic state (Cahoon et al., 1990). 
Because it is relatively common to observe N-limitation in coastal systems due to the influx of P 
that is bound to sediments, it is notable that we observed P limitation during our bioassay 
experiments, which can be unusual for the region (Figure 4-7).  
Since our experiments showed that NO3 and NH4 were equally stimulatory to 
cyanobacteria, management should focus on reducing inputs from both agricultural runoff and 
waterfowl impoundments that mainly contain NO3 and NH4, respectively. However, it is also 
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imperative that management identifies sources of P influxes. Previous studies suggest that N-P 
dual reduction is the most effective way to reduce eutrophication in systems like Lake 
Mattamuskeet (Paerl et al., 2016). When compared to the TN levels in other eutrophic lakes, 
such as Lake Taihu, China, where levels reach around 3500 μg/L, the initials levels of TN in 
Lake Mattamuskeet are relatively low at an average of 1500 μg/L (Paerl et al., 2014). This 
implies that eutrophication may be in the early stages at Lake Mattamuskeet.  
 
 
5. CONCLUSIONS  
● The high total chl a values indicate that Lake Mattamuskeet currently has a rich 
phytoplankton community, with chl a concentrations consistently over the NCDEQ 
standards (>40 μg/L).  
● Lake Mattamuskeet is a cyanobacteria-dominated system year-round, including the 
species Cylindrospermopsis, Planktolyngbya, Pseudanabaena, and Spirulina 
● NH4 vs. NO3 enrichment did not produce significant growth differences between 
cyanobacterial groups and other taxa. Cyanobacteria grew equally well with either 
enrichment treatment.  
● Additionally, neither NH4 vs. NO3 enrichment resulted in an additional increase of 
cyanobacterial dominance within the phytoplankton community.  
● Because the system experiences both N and P limitation, management at the wildlife 
refuge should focus on identifying sources of P loading and decreasing both NO3 and 
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Appendix A - Tables 
 
Table 1. Bioassay Design  
Cubitainer number and treatment received 
West 1 - 3 4 - 6 7 - 9 10 - 12 
Control 50 μmol NO3 
+ 5 μmol PO4 
50 μmol NH4 
+ 5 μmol PO4 
5 μmol PO4 
East 13 - 15 16 - 18 19 - 21 22 - 24 
Control 50 μmol NO3 
+ 5 μmol PO4 
50 μmol NH4 
+ 5 μmol PO4 
5 μmol PO4 
 
 
Table 2. Phytoplankton photopigments used to interpret the raw pigment data 
Pigment Major phytoplankton 
group represented 
Chlorophyll a (chl a) All  
Fucoxanthin  Diatoms  
Myxoxanthophyll  Cyanobacteria  
Alloxanthin  Cryptophytes 
Chlorophyll b (chl b)  Chlorophytes  
 
 
Table 3. Dominant algal classes and input accessory pigment ratios used for ChemTax 
Class Chl a  Fuco Cisneo Myxo Allo Lut Zea Chl b BCar Echin 
Diatom 1 0.51 0 0 0 0 0 0 0.0028 0 
Crypto 1 0 0 0 0.37 0 0 0 0.0037 0 
Chloro 1 0 0.038 0 0 0.15 0 0.36 0.003 0 
Cyano 1 0 0 0.14 0 0 0.28 0 0.097 0.076 
Crypto = Cryptophytes; chloro = chlorophytes; cyano = cyanobacteria; chl a = chlorophyll a; fuco = 
fucoxanthin; cisneo = 9’cis-neoxanthin; myxo = myxoxanthophyll; allo = alloxanthin; lut = lutein; zea 
















  West  East West  East  West  East 
Temperature 
(°C) 
16.98 17.65 19.64 19.55 15.54 15.64 
% Diff* for 
Temp   
3.87 0.46 0.64 
pH 7.66 7.83 8.1 7.96 7.86 7.77 
% Diff for pH 2.19 1.74 1.15 
Turbidity 
(NTU) 
56.4 340 25.1 47.5 60 160 
% Diff for 
Turbidity 




101 98.5 94 103.7 143.6 109 
% Diff for DO 2.51 9.81 27.39 
Salinity (ppt) 0.53 0.5 0.56 0.57 0.52 0.52 
% Diff for 
Salinity 
5.83 1.77 0 
** Chl a 
(µg/L)  
64.1 85.1 72.4 75.3 96.2 166.5 
* Where % Diff stands for percent difference between west and east  
** Provided by HPLC Analysis  
 
